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Ultrasound-assisted liquid-phase exfoliation is a promising method for man-
ufacturing two-dimensional materials. Understanding the effect of ultrasoni-
cation parameters such as the temperature and input power on the developed
pressure field is pivotal for optimization of the process. Limited research has
been carried out to determine the optimal temperature for exfoliation, with
some data generating disputed results. Simply maximizing the sonication
power does not necessarily produce a higher yield because of shielding. In this
study, a high-temperature calibrated cavitometer was used to measure the
acoustic pressure generated in different graphite solutions in deionized water
at various temperatures (from 10C to 70C) and input power conditions (from
20% to 100%). In addition, high-speed optical imaging provided insight on the
shock wave generation from transient bubble collapses under different soni-
cation conditions. The optimal sono-exfoliation parameters were determined
to be 20% input power at 10C for graphite flake solution, and 100% input
power at 40C to 50C for graphite powder solution.
INTRODUCTION
Since the revolutionary discovery of graphene, a
panoply of research into two-dimensional (2D) lay-
ered material (LM) exfoliation has been conducted.1
The wide variety of atomically structured LMs such
as oxides, metal halides, clays (layered silicates),
ternary transition-metal carbides, group III–VI
semiconductors, and transition-metal dichalco-
genides give rise to exceptional properties when
exfoliated to a few or single layers.2,3 For instance,
some of graphene’s unique properties include record
high thermal conductivity (5000 W m1 K1),4
intrinsic strength of 130 GPa,5 and a profoundly
high electron mobility (200,000 cm2 V1 s1).6 A
nonexhaustive list of applications includes optical,
electronic, magnetic, photocatalytic, mechanical,
and thermoelectric devices.7,8
There is also a range of top-down and/or bottom-
up exfoliation approaches to produce such 2D
materials. Chemical vapor deposition and atomic
layer deposition work by growing 2D sheets from
gas particles onto a substrate (bottom-up), whereas
mechanical exfoliation, material intercalation, and
reduction of graphene oxide break and peel off bulk
material layers to enact exfoliation (top-down).9
Among these approaches, liquid-phase exfoliation
(LPE) via ultrasound has been proven to be partic-
ularly successful due to its ability to facilitate
exfoliation of various bulk LMs in a cost-effective
manner, while producing high-quality, large-sur-
face-area 2D materials.10(Received July 9, 2021; accepted September 13, 2021)
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Acoustic cavitation plays a pivotal role in the
exfoliation process. In general, the implosion of
cavitation bubbles and the associated high-pressure
shock waves and high-velocity (up to several
100 m s1) liquid jets11,12 generate strong shear
forces that are responsible for the exfoliation. Our
group recently produced clear, real-time evidence
for this, demonstrating the importance of shock
waves and liquid jets by using high-speed imaging
and identifying the sono-exfoliation mechanisms at
work.13 In particular, shock waves were shown to be
the driving mechanism for exfoliation, providing
sufficient force to initiate splitting of layers, which
led to delamination. In addition, stable cavitation
bubbles trapped within graphite layers promoted
high-quality exfoliation with fewer defects in the
final product by providing gentler shear forces
through rapid oscillations.13,14
Despite the complementary shear forces, adverse
effects deleterious to LMs such as edge defects and
holes can be produced by prolonged ultrasonic
treatment.15 It has also been shown that the
temperature increase during sonication can result
in inconsistent exfoliation.16 Hence, the implemen-
tation of a temperature control strategy is essential.
Furthermore, ultrasonication at higher amplitude is
not necessarily beneficial due to the shielding effect,
i.e., cushioning of the acoustic emissions and shock
waves from the tip of the sonotrode,17,18 which
diminishes shearing of bulk material layers in
solution. Our group recently showed that, by adjust-
ing key parameters such as the ultrasonic frequency
and sonotrode geometry, high-quality graphene
flakes can be produced in a relatively short period
of time.14
In this study, we focused on the effects of the
liquid temperature and input power on the gener-
ation of cavitation to promote exfoliation based on
the developed pressure field. A calibrated high-
temperature cavitometer was used to measure the
acoustic pressure at solution temperatures between
10C and 70C during the inception of exfoliation
(after 5 min of sonication treatment). Graphite
powder (GP) and graphite flakes (GF) were soni-
cated in deionized (DI) water, which was previously
identified as an ideal medium for exfoliation due to
its low cost and nontoxic nature.14 High-speed
shadow-graphic imaging was also applied for differ-
ent amplitudes to observe the shock wave genera-
tion alongside the acoustic pressure measurements.
The results reveal that the use of specific combina-
tions of solution temperature and acoustic power
generates favorable conditions for LM exfoliation.
EXPERIMENTAL PROCEDURES
Data Acquisition
Graphite solutions were made using GF (Sigma-
Aldrich 100 mesh, maximum 149 lm) and GP (Alfa
Aesar 300 mesh, maximum 56 lm). These sources
were chosen as both are commonly used for
exfoliation. These two types of graphite have a
different structure and size, thus the effect of
cavitation development will be different for each
and warrants investigation.
In a 50-mm-diameter glass beaker, 0.06 g gra-
phite was mixed into 150 mL DI water (Hexeal
Chemicals). About  60 s of agitation was used to
disperse the GP homogeneously in the solution,
whereas the GF were presonicated for 2 min for
dispersion. Next, the solutions were set to temper-
atures between 10C and 70C using either a chiller
or heating plate (ARE Heating Magnetic Stirrer,
Velp Scientifica), verified using a thermocouple.
When the set temperature was reached, the solution
was sonicated for approximately 1 min to 2 min
before a high-temperature cavitometer was intro-
duced to capture the cavitation activity in the
solution. The cavitometer consisted of a tungsten
probe with a diameter of 4 mm, having a spatial
resolution of 50 mm ± 10 mm, calibrated at the
National Physical Laboratory (UK) to frequencies
between 15 kHz and 50 kHz (able to resolve the
fundamental frequency and the corresponding sub-
and ultraharmonics). It was submerged into the
solution at an angle of 80 to 80 mm below the water
surface (Fig. 1). The corresponding readings, aver-
aged from 60 individual readings of 2 ms each, were
converted to spectra using fast Fourier transforma-
tion, as described previously.19 This conversion
process was used to calculate the pressure values
from the cavitometer output voltage. Further
details and a description of the cavitometer can be
found elsewhere.20,21 The data for all plots are
presented as the root-mean-square (RMS) pressure
for each combination of input power and tempera-
ture. These values provide an estimate for the
average shearing forces that each graphite source
would experience during ultrasonic treatment, as
reported previously.13,22 All pressure measurements
were taken with respect to ambient pressure, since
the cavitometer had been calibrated at atmospheric
pressure (Fig. 1).
A sonotrode (BS4d22) with a 22-mm-diameter
titanium tip attached to a transducer (Hielscher
UIP500hdT), with an operational frequency of 20
kHz, was used for ultrasonic treatment. The peak-
to-peak amplitude of the sonotrode was between
11.4 lm and 57 lm (corresponding to 20% and 100%
input power, respectively), with a maximum oper-
ating power at 500 W. The sonotrode tip was
lowered to 10 mm below the solution surface and
then activated. Experiments were repeated multiple
times for each combination of parameters to confirm
the reproducibility of the results.
High-Speed Imaging Setup
High-speed shadow-graphic videos were captured
using a Shimadzu (HPV X2) camera at a frame rate
of 1 million frames per second (Fig. 2). The camera
generated 256 frames for every recorded sequence,
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producing shadow-graphic images with a resolution
of 400 9 250 pixels. Unlike visible-light illumina-
tion, the use of a laser enables the observation of
propagating shock waves from transient cavitation
collapses. Synchronized 10-ns laser pulses through
a collimating lens provided the illumination
(CAVILUX Smart UHS system) and effective
temporal resolution to observe the generated
shock waves.
To produce high-quality images using our camera
and lens setup that would also show the entire
sonotrode tip, a Hielscher UP200S with a 3-mm-
diameter titanium sonotrode and an operational
frequency of 24 kHz was used to observe cavitation
and shock wave generation. The peak-to-peak
amplitude was set to 42 lm and 210 lm, corre-
sponding to operating power of 40 W and 200 W (20
and 100%), respectively.
RESULTS AND DISCUSSION
Temperature Effect on Acoustic Pressure
Figure 3a shows that the highest acoustic pres-
sure (up to 250 kPa) was produced at 20% input
power in the GF solution at 10C. Solutions for GP
and DI water also gave rise to the highest pressure
readings at 10C, due to their respective trends.
Furthermore, the acoustic pressure for the GF
solution and DI water gradually decreased with
increasing temperature, while for the GP solution
there was a slight increase in pressure above 40C.
At 50% power (Fig. 3b), all the studied solutions
produced the highest acoustic pressures at 10C.
Thereafter, the acoustic pressure decreased with
increasing temperature and remained approxi-
mately level from 30C onwards for the GF and
10C onwards for the GP. The DI water solution
Fig. 1. Ultrasonic setup. (a) Transducer is connected to the power control unit. The cavitometer is connected to a preamplifier, power supply
(Tektronix PWS2323), shunt, Picoscope, and computer for running measurement software and data acquisition. (b) Enlarged schematic of the
solution dimensions of the sonotrode, cavitometer, and treatment tank.
Fig. 2. Schematic showing high-speed imaging setup, whereby the laser illumination passes through the treatment tank, where images are
resolved by the camera and processed on the PC
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Fig. 3. Comparison of the RMS acoustic pressure (averaged over 120 ms) for three solution types: DI water (blue), GP (red), and GF (green) at
(a) 20%, (b) 50%, and (c) 100% input power (Color figure online)
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showed a slight downwards trend with
temperature.
The GF solution at 100% input power (Fig. 3c)
showed a downward trend from 10C onwards,
though not as pronounced as at lower powers. On
the other hand, the GP trend showed less regular-
ity, with the largest pressures being registered at
40C to 60C. Interestingly, the pressures for the
GP solution lay in the range of 165 kPa to 185 kPa,
while those for the GF solution varied over a much
larger range of 170 kPa to 270 kPa, but this
pressure difference was smaller than that of GF
solution at 50% and 20% input power (135 MPa to
245 MPa and 125 MPa to 240 MPa, respectively).
The decrease in the variation of the acoustic pres-
sure in such a small volume as a consequence of the
increased input power is likely due to the shielding
phenomenon.18 Lower input powers produced less
shielding, meaning the propagation of acoustic
waves tended to be undisrupted (discussed in
Fig. 4).
The general decrease of the acoustic pressure
with temperature is likely due to the increase of the
number of bubbles and vapor pressure (Laplace
pressure) inside those bubbles, hence making them
less likely to collapse. In addition, higher water
temperature increased the tendency for bubble
formation from gas nuclei, meaning the pressure
inside the bubble was higher than the vapor pres-
sure at that corresponding temperature, making
transient cavitation collapse less likely. Further-
more, higher solution temperatures reduced the
bubble surface tension, also decreasing the number
of bubble implosions.
At low temperatures such as 10C, vapor cavita-
tion bubbles had a greater tendency to nucleate as
opposed to gas cavitation bubbles (although lower in
numbers overall), and were usually more energetic,
Fig. 4. Representative shadow-graphic images showing shock wave generation for input power of (a) 20% and (b) 100% at 20C, and shock
wave generation at (c) 10C and (d) 70C at 100% input power in DI water. Each image is 1 ls from the preceding one
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exhibiting more violent collapses. These generally
featured shorter life-cycles (one or two acoustic
cycles) before catastrophic implosion, generating
higher-pressure emissions.23,24 Thus, a trade-off
between the formation of vapor and gas bubbles
with temperature rise regulated the pressure field
in the solution.
DI water solutions generally produced lower
pressures, whereas addition of GF or GP mostly
increased the measured acoustic intensity. This is
likely due to the addition of graphite particulates,
which created more nucleation sites; in particular
for the GF with a larger surface area compared with
the much smaller GP particles. This observation
also applies for the temperature change. We see
that the GF gave rise to a much larger range of
pressures with temperature, as opposed to the GP
source, where the small surface area was affected
less by the variation of the number of nucleating
bubbles with higher temperatures.
Although most of the acoustic pressure values for
100% input power were larger than those at lower
input powers, a few selected parameters did demon-
strate greater shearing pressures. For GP solutions,
the best candidates were 40C and 50C at 100%
input power, both giving rise to 185 kPa, in
accordance with previously reported high yields at
40C14,25,26 as well as with previous research, where
under similar conditions it was shown numerically
that the largest pressure corresponded to 35C.23
However, using 10C at 20% input power and 10C
at 50% input power gave rise to 169 kPa and 165
kPa, respectively. Therefore, from 20% to 100%
input power, we saw only a 9.5% increase in
acoustic pressure (at the cost of five times more
power).
However, for a solution to be kept at 10C
throughout a prolonged sonication period, more
energy would be needed due to the release of
acoustic energy, raising the solution temperature,
whereas maintaining a temperature of around 40C
to 50C should require less temperature control as a
thermal balance in the solution may be reached
naturally.
We also hypothesize that, since the shock waves
are the governing mechanism of the exfoliation
process,13 the stronger the pressure field, the more
efficient the exfoliation should be. However, using
100% power (even in the presence of strong cavita-
tion shielding) may cause excessive damage to the
produced flakes, thus lowering their quality as well
as decreasing the surface area due to more inertial
bubble implosions. On the other hand, the low
power of 20% generates a pressure regime that is
slightly (by 16 kPa) lower than that seen at 100%.
However, the extended cavitation zone is sup-
pressed.24 We have previously seen that the extent
of the cavitation zone is important22 as it regulates
the efficiency of the exfoliation.13 Graphite particles
closer to the tip of the sonotrode (where the majority
of the shock waves are generated) exfoliate at a
faster rate. Additionally, the flows induced by
acoustic streaming at lower input power, i.e., 20%,
are not powerful enough to generate a recirculating
pattern that will continuously feed the cavitation
zone with untreated graphite particles. This can be
even more of an issue in the case of GF due to their
large size and shape. It was previously shown that,
by doubling the power amplitude, the acoustic
streaming and corresponding vortices may increase
their velocity by five times, promoting a higher
throughput of graphite particles from the energetic
zone close to the sonotrode tip.20
It can thus be deduced that an input power
between these two extremes (20% and 100%) such
as 50% could be ideal as it would offer a larger
cavitation zone while avoiding damaging the exfo-
liated nanosheets. Therefore, a power setting of 50%
at 40C to 50C could also be a promising candidate
for promoting exfoliation, using the powder source.
For GF solutions, the highest pressures (approxi-
mately 240 kPa) were generated at 10C using all
input powers. As the highest power setting gener-
ated slightly lower acoustic pressure, at the cost of
five times more energy, one can conclude that 20%
power at 10C would be an ideal parameter set for
the GF source. However, the issue of temperature
control and the smaller cavitation zone, reducing
the effective treatment area, would pose the same
issue. An optimal combination may emerge by
considering these results together. To experimen-
tally verify the pressure measurements, the next
section presents high-speed shadow-graphic
imaging.
Input Power Effect on ShockWave Generation
When observing the production of cavitation
clouds under a sonotrode, we can see how using
larger input powers creates a larger cavitation zone,
with more acoustic emissions. However, as dis-
cussed in regard to Fig. 3, although larger input
powers create more cavitation, this does not neces-
sarily lead to higher acoustic pressures. Figure 4
shows shadow-graphic images taken under the tip
of a sonotrode.
Figure 4a1 shows the initial release of shock
waves under the sonotrode tip at 20% power. In
Fig. 4a2, a3, these can be seen propagating away
from the tip. Figure 4b shows the same phenomenon
at 100% power, where each image in the sequence
shows the propagation of the shock wave 1 ls later.
The obvious difference between the two input
powers is the number of shock wave bands gener-
ated. By counting and comparing the number of
released shock waves in the image sequences taken
at 20% and 100% power, we calculated  33% more
shock waves for the 100% power setting. This
analysis was done for numerous images to obtain
representative qualitative statistics. For the various
measured acoustic pressures from Fig. 3 to be
similar despite the larger input power (which has
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just been demonstrated to produce more shock
waves), we can deduce that these emissions were
obstructed by the additional cluster of bubbles due
to the higher input power. Therefore, following the
discussion in Sect. 3.1, one could aim to choose an
input power that produces the maximum number of
shock waves while also limiting the size of the
cavitation cloud such that the propagating shock
waves are not impeded or cushioned by the addi-
tional nucleated cavitating bubbles (i.e., shielding).
Figure 4c and d show the release of shock waves
for 10C and 70C solutions in DI water, respec-
tively. These selected images were chosen to high-
light representative shock wave generation during
the recorded clips. At 10C (Fig. 4c), we see many
more, and clearer bands of shock waves propagating
from the sonotrode tip, whereas at70C (Fig. 4d), the
number of shock waves is reduced (indicating a
reduction of transient cavitation collapses, as dis-
cussed in Sect. 3.1). This may explain why acoustic
pressure measurements for 10C are often greater
than those in the higher temperature range (70C).
Table I summarizes the findings of this paper,
where the consequential effects of the sonication
parameters are listed. Taking these parameters into
account, in conjunction with the discussion on
beneficial input power and solution temperature, a
trade-off that is beneficial for graphite exfoliation
should be found. Future research will focus on the
combination of prolonged period experiments fol-
lowed by characterization of the resulting samples.
CONCLUSION
Based on the measured acoustic pressure field,
20% power at 10C was the optimal parameter
setting for the GF solution in terms of the magni-
tude of the pressure. For the GP source, 20% power
at 10C also produced the highest pressure. This
combination of low power and low temperature
generated high acoustic pressures and was benefi-
cial because less bubbly clouds formed that may
have suppressed the effect from multiple bubble
collapses. However, for a more practical exfoliation
method, the use of 50% input power at 40C may
provide a more appropriate treatment area and flow
conditions, while minimizing damage to the exfoli-
ated nanosheets and reducing energy input. These
findings were further validated with high-speed
images, confirming that using the highest input
powers was often inefficient, and that despite the
increased generation of shock waves, the effect on
potential shearing pressures for graphite could be
lesser.
Taking this research to the next step will include
in situ measurements of acoustic pressures over
long sonication periods (up to 2 h) to serve as a tool
able to identify notable changes in acoustic pressure
or spectra that will indicate the formation of
graphene, verified via characterization of the pro-
duced samples.
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